Abstract-In this paper, a circularly polarized slot-patch antenna for nanosatellite is presented. The novel design of the circularly polarized wave conducted by two asymmetrical rectangular-truncation techniques implemented on a circularly-slotted-patch on the front side and a deformed-shifted-feedline on the back side of the substrate. The antenna is printed on substrates with the dielectric constant of 2.17 and thickness of 1.6 mm. The resonant frequency of the proposed antenna is set at 2.2 GHz with the minimum requirement of the axial ratio bandwidth (ARBW) of 300 MHz. The proposed antenna produces under 10 dB impedance bandwidth (IBW) 1.2765 GHz or equal to 58% (1.7235-3 GHz) with Left-Handed Circular Polarization (LHCP). The average antenna gain reaches 4.5 dBic at 2.2 GHz and the ARBW 327.5 MHz or about 14.88% (2.0275-2.355 GHz). This paper includes the description and presentation of the completed discussion.
INTRODUCTION
The Josaphat Microwave Remote Sensing Laboratory (JMRSL), Center for Environmental Remote Sensing (CEReS), Chiba University has been conducting research and development related to GNSS-RO and Sensor onboard microsatellite for ionosphere monitoring since 2015 [1, 2] . The critical part of the satellite system is an antenna as a radio wave transmitter and receiver. The proposed satellite antenna for ionospheric research is such as [3] by using a quadrifilar helical antenna and [4] with crossed-dipole, but this antenna has unappropriated size for nanosatellite. Thus, an investigation of the characteristics antenna such as small size, light weight, and polarization is necessary. Circularly Polarized (CP) antennas are useful equipment for satellite because of their resilience to multi-path interferences, polarization mismatch, and Faraday rotation effect. Particularly for nanosatellite, the CP and wide beam antennas are very critical, because the angles of elevation and azimuth are uncertain. The CP microstrip antennas have been broadly developed for the satellite antenna by considering its compact size and light weight, which is a critical issue for nanosatellite. Some CP microstrip antennas were discussed in articles such as [5] with six-element stacked patch and [6] [7] [8] [9] with equilateral triangularpatch. A circularly-polarized printed antenna is presented in [7, 10] with truncated and triangular-ring slot in the patch, respectively. A CP antenna is presented by using the zeroth-order resonance and modified Alford loop [11] . A CP antenna is presented in [12] with stair-shaped edge and L-shaped feed line.
In this paper, a novel design of a circularly polarized antenna with a combination of circular slot and asymmetrical truncation on the patch diagonal is presented. The proposed antenna is printed on a substrate with the thickness of 1.6 mm, dielectric constant of 2.17, and center frequency of 2.2 GHz. The measurement produces a good result with the impedance bandwidth of 1.2765 GHz equal to 58% (1.7235-3 GHz), while the obtained axial ratio bandwidth is 327 MHz equal to 14.88% (2.0275-2.355 GHz), and the average gain of the antenna is up to 4.5 dBic in the center frequency 2.2 GHz. The minimum requirements of the antenna design are shown in Table 1 . 
DETAILED DESIGN OF THE CIRCULARLY-SLOTTED-PATCH ANTENNA WITH TWO ASYMMETRICAL RECTANGULAR TRUNCATIONS
The antenna is printed on a single substrate, which consists of a ground set in the front side and a feedline set on the back side of the substrate. The proposed antenna is designed with a square patch, with size length L of 100 mm and width W of 100 mm. A circular slot is developed in the patch center with the radius r of 26.5 mm. Two asymmetrical rectangular truncations lie on the diagonal of the patch with W s of 16 mm as the width of the truncation and L s1 of 48 mm and L s2 of 42 mm as the lengths of the truncation. The dimension of the feeding line is represented by W f 1 of 4.5 mm, W f 2 of 10 mm, L f 1 of 40 mm, and L f 2 of 8 mm. The detailed geometry of the antenna is shown in Figure 1 . The antenna is designed in 4 models. The conventional model consists of a square patch with a circular slot on patch center with radius R, feedline widths of W f 1 and W f 2 , and feedline lengths of L f 1 and L f 2 . Model 1 consists of a circular slot with the shifted feedline X f on x-axis. Model 2 consists of a shifted feedline X f and two equal-rectangular-truncations of L s1 and L s2 on the patch diagonal. Model 3 consists of a shifted feedline of X f , a deformed feedline in which W f 2 is wider than W f 1 and two asymmetrical-rectangular-truncations of L s1 and L s2 on the patch diagonal. Truncation L s1 is longer than L s2 as shown in Figure 1 . Figure 2 shows steps of designing the proposed antenna as conventional model, model 1, and model 2. The detailed dimensions of the proposed antenna are shown in Table 2 . The comparison of the simulation result of the conventional model, model 1, model 2, and model 3 is depicted in Figure 3 and summarized in Table 3 . Axial Ratio (dB) 
Effect of the Shifted-Feedline and Two Rectangular-Truncations
The proposed antenna is a square patch circularly-slotted on patch center and two-rectangular truncations on the diagonal of the patch. The unique design of this antenna lies on the two-rectangular truncations on the grounded plane and a shifted and deformed feedline to generate CP waves and enhance the antenna gain. The antenna is designed with a single layer, where the front layer is set as a ground, and then the back layer is configured as the feedline. The antenna is etched on the substrate with dielectric constant of 2.17, thickness h of 1.6 mm, and loss of tangent of 0.0005. Presently, many methods are applied to generate CP waves such as by equilateral triangular microstrip patch with [8, 9] the dual-feeding method and [10] the single feed [14] by inserting slits of different lengths at the edges of a square patch. The others for generating CP waves with a slot antenna presented by [15] using single feed cross slot, [16, 17] by a narrow slot or across slot with unequal slot lengths with single feed, [18] by single feed with a rectangular center slot, [19] by single feed with arc-shaped slot, [20] by slanted rectangular slot, and [21] by space-filling-based slot antenna.
In this design, the circular slot patch with two rectangular truncations and the shifted-deformed feedline are proposed to generate CP waves and to enhance the antenna gain. The variety of the feedline position X f on the x-axis and the rectangular slot lengths L f 1 and L f 2 on the y-axis is presented in this section to complete the investigation. The simulation results of the shifted-feedline and the two equal-rectangular-truncations for the reflection coefficient S 11 , axial ratio, and the antenna gain with fix truncation lengths of 45 mm are depicted on shifting X f of 0 mm, −5 mm, and −14 mm to the reflection coefficient S 11 . The feedline is on X f of 0 mm, and it can produce the reflection coefficient, S 11 < −10 dB of 1.79-2.06 GHz and 3.26-3.87 GHz.
The center of frequency is 1.9 GHz and 3.57 GHz, with the deepest curve which is obtained at −11.5 dB and −12.66, respectively. When the feedline shifts X f to −5 mm, it can produce the impedance bandwidth of reflection coefficient, S 11 < −10 dB of 2.06-3.57 GHz. The center of frequency is 3.2 GHz, with the deepest curve which is obtained at −20 dB. When the feedline shifts X f to −14 mm, it cannot produce the reflection coefficient, S 11 < −10 dB. The simulation result shows that the possible feedline position is between 0 mm and −14 mm. If the feedline is shifted less than 0 mm and more than −14 mm of the x-axis, it cannot produce the reflection coefficient, S 11 < −10 dB. Figure 4(b) shows the effect of the feedline shifting X f to 0 mm, −5 mm, and −14 mm on the axial ratio (AR). With the feedline on X f of 0 mm, it can produce the axial ratio bandwidth AR < 3 dB up to 22.2% of 2.02-2.52 GHz. The center of frequency is 2.25 GHz, with the deepest curve of 0.58 dB. When the feedline is shifted to left side of x-axis with X f of −5 mm, it can produce the axial ratio bandwidth AR < 3 dB up to 22.3% of 1.98-2.48 GHz. The center of frequency is 2.23 GHz, with the deepest curve of 0.38 dB. When the feedline is shifted to −14 mm, it can produce the axial ratio bandwidth AR < 3 dB up to 20.6% of 2.03-2.5 GHz.
The center of frequency is 2.28 GHz, with the deepest curve of 0.42 dB. The simulation result shows that feedline shifting has insignificant effects on the axial ratio. Figure 4(c) shows the effect of the feedline shifting X f to 0 mm, −5 mm, and −14 mm on the antenna gain. When the feedline is on X f of 0 mm, it can only reach 2.6 dBic at frequency of 2.2 GHz with a peak gain of 4 dBic at frequency 3 GHz. When the feedline is shifted to −5 mm, it can reach the antenna gain > 3 dBic at 1.42-3.5 GHz with the peak curve of 4.15 dBic at frequency 2.8 GHz. When the feedline is shifted to −14 mm, it reaches the antenna gain of 3.6 dBic at 2.2 GHz with peak gain of 3.88 dBic at 2.5 GHz. The simulation result shows that the shifted feedline has very significant correlation to the reflection coefficient S 11 and antenna gain.
Optimizing the Reflection Coefficient (S 11 ) and the Gain by the Feedline Tuning
Methods to optimize the reflection coefficient are presented in [22] by using a skew metallic surface and in [23] by varying the slot length. In this design, the reflection coefficient S 11 and gain optimization are implemented by two methods; firstly by shifting the feedline and by the two rectangular truncations; secondly by applying the deformed feedline. The design by shifted-feedline and the two-rectangulartruncations has already been explained in the previous section. Figure 5 shows the feedline designs in different sizes. The design is created into three designs. Design 1 is square-shaped with width W f 1 of 3.8 mm, W f 2 of 3.8 mm, length L f 1 of 40 mm, and L f 2 of 8 mm. Then, design 2 is a square-shaped one with width W f 1 of 5 mm, W f 2 of 5 mm, length L f 1 of 40 mm, and L f 2 of 8 mm. Design 3 is obtained by changing the width W f 1 narrower of 4.5 mm and W f 2 wider of 10 mm. Focus of this section is to investigate the feasibility of the diversity on feedline sizes. In general, all the feedline models can produce peak gain up to 4 dBic. Figure 6 shows the effect of the feedline design on the reflection coefficient S 11 , axial ratio, and antenna gain with fixed truncation lengths L s1 and L s2 of 45 mm, respectively. the antenna generates similar axial ratios of 1.9-2.4 GHz with the deepest curve of 0.36 dB on center frequency (f c arbw) of 2.25 GHz. With the feedline width W f 1 of 4 mm and W f 2 of 10 mm, the antenna design generates a narrower axial ratio of 2.02-2.43 GHz with the deepest curve of 1.69 dB. Figure 6(c) shows the antenna gain. Variation of the feedline design has a small effect on antenna gain. The detailed result of the antenna optimized by the formed feedline is shown in Table 4 . The simulated result shows that the center of impedance frequency is very sensitive to the feedline design variation. Among all designs, design 3 shows a similar frequency to the center frequency of 2.11 GHz. This design is called model 2. However, the weakness of this model is that antenna gains on 2.2 GHz reach up to 3.3 dBic. Modification of rectangular length of L s1 of 45 mm to be longer of 48 mm and L s2 of 45 mm to be shorter of 42 mm has succeeded to enhance the antenna gain from 3.3 dBic to be higher of 4.2 dBic. This model is called as model 3. The dimension and simulation result of conventional model, model 1, model 2, and model 3 are shown on Table 2 and Table 3 . Figure 7 shows the effect of the rectangular lengths L s1 and L s2 related to radiation efficiency. The radiation efficiency (η) in 2-2.4 GHz is more than 95%. The η variations are similar with L s1 of 25 mm or 28 mm and L s2 of 25 mm or 28 mm, respectively, but with L s1 of 28 mm and L s2 of 25 mm, η is better in frequency of 2.4-3 GHz.
FABRICATION AND MEASUREMENT RESULT
The fabrication and measurement must be conducted to verify the simulated result. In this case, circumspection is required to produce a precise antenna and a good measurement result. shows the fabricated antenna that has a total dimension of 100 mm×100 mm×1.6 mm. Figure 9 (a) depicts the comparison of the axial ratios of measured and simulated results. The results have a good agreement in which the measurement result can produce the ARBW of 327.5 MHz or equal to 14.88% (20275-2355 GHz), and the deepest point of the curve on 2.22 GHz is 2 dB. The simulated result can produce the ARBW of 410 MHz or equal to 22.62% (1.960-2.460 GHz), and the deepest point of the curve on 2.235 GHz is 1.747 dB. The simulated and measured results meet the suitability. The minimum requirement of the bandwidth of the reflection coefficient is under 10 dB at 400 MHz. As shown in Figure 9 (b), the simulation and measurement can produce acceptable results compared to the minimum requirement. The measured impedance bandwidth is up to 1.2765 GHz or equal to 58% (1.7235 GHz-3 GHz). At the center frequency 2.2 GHz, the result is up to −17.14 dB, while the deep curve is at 2.04 GHz of −18.22 dB. The measured impedance bandwidth is better than the simulated one. Figure 9 (c) highlights the simulated and measured gains. The minimum requirement of the designed antenna gain approximates 4 dBic. The results of simulation and measurement meet the minimum requirement. The simulation achieves a good result, which is about 4.18 dBic at 2.2 GHz. On the other hand, the measured result shows a higher average gain, about 4.5 dBic at 2.2 GHz. In the lower frequency of 2.2 GHz, it yields 5.3 dBic, while in the higher frequency of 2.3 GHz, it is 3.8 dBic. There is a sinusoidal wave like curve on the antenna gain. In the frequency less than 2.2 GHz, it is shown that the measured result is higher than the simulated one, but at the frequency more than 2.2 GHz, it is shown that the measured result is lower than the simulated one. Figure 10 shows the LHCP on 0-degree and the RHCP on 180-degree radiation pattern at three discrete frequencies of 2 GHz, 2.2 GHz, and 2.4 GHz. The measured and simulated results show a similar pattern at the lower frequency of 2 GHz, the center frequency of 2.2 GHz, and higher frequency of 2.4 GHz. Dimension and performances in S-band of the measured antenna are compared with those of some related CP printed antennas listed in the literature as shown in Table 5 .
CONCLUSION
The shifted-deformed feedline and two asymmetrical rectangular truncations have managed to enhance the performance of the proposed antenna. It produces a good impedance bandwidth, axial ratio bandwidth, and antenna gain. The deformed feedline has achieved the performance of the impedance bandwidth and has shifted the center frequency close to 2.2 GHz. Evidently, two asymmetrical rectangular truncations with L S1 of 48 mm and L S2 of 42 mm can enhance the measured impedance bandwidth of 1.276 GHz or equal to 58% (1.723-3 GHz) and 3-dB ARBW which obtains 14.88% (2.027-2.35 GHz) and the measured antenna gain up to 4.5 dBic at 2.2 GHz. This novel antenna design has a good performance.
